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ABSTRACT 

I n  March and A p r i l  of 1969 and 1970, l i d a r  ( l a s e r  r ada r )  observa- 

t i o n s  of t h e  atmospheric  s t r u c t u r e  were made i n  t h e  l e e  of t h e  S i e r r a  

Nevada dur ing  t h e  occurrence of mountain l e e  waves. Rawinsonde a s c e n t s  

and, on some occasions,  r e s e a r c h - a i r c r a f t  f l i g h t s  supported t h e  l i d a r  

observa t ions .  The o b j e c t i v e  of t h e  program was t o  exp lo re  t h e  app l i ca -  

b i l i t y  of t h e  l i d a r  technique t o  a tmospheric  tu rbulence  d e t e c t i o n .  The 

observa t ions  demonstrate  t h a t  t h e  l i d a r  can d e l i n e a t e  s i g n i f i c a n t  f e a t u r e s  

of t h e  atmospheric-flow p a t t e r n  by monitor ing echoes from concent ra t ions  

of p a r t i c u l a t e  ma t t e r  t h a t  c h a r a c t e r i z e  t h e  a i r f l o w  s t r u c t u r e  i n  t h e  form 

of e i t h e r  v i s i b l e  o r  s u b v i s i b l e  c louds and dus t .  For example, t h e  lidar 

d e s c r i b e s  i n  remarkable d e t a i l  (1) t h e  development, s p a t i a l  d i s t r i b u t i o n ,  

and o p t i c a l  c h a r a c t e r i s t i c s  of t h e  l e n t i c u l a r  c louds t h a t  i d e n t i f y  t h e  

t roposphe r i c  l a y e r  o f  major wave motion and (2) t h e  formation and 

l o c a t i o n  of r o t o r  c louds,  which i d e n t i f y  t h e  lower tu rbulence  zone, By 

monitor ing i n  space and t ime t h e  echoes t h a t  a r i s e  from t h e  presence of 

t h e  r o t o r  c louds and from t h e  presence of d u s t  and v a r i a b l e  dus t  concen- 

t r a t i o n s  w i th in  t h e  boundary l a y e r ,  t h e  l i d a r  can d e t e c t  t h e  v e r t i c a l  

e x t e n t  and t h e  temporal v a r i a t i o n s  of t h e  lower tu rbulence  zone ( t h e  

Turbulent  Boundary Layer under t h e  l e n t i c u l a r  c louds ) ,  which can harbor 

moderate and seve re  tu rbulence  a s soc i a t ed  w i th  convect ion and r o t o r  flow. 

No evidence of t h e  presence of s i g n i f i c a n t  tu rbulence  was found 

wi th in  t h e  midtropospheric  l a y e r  of t h e  l e n t i c u l a r  c louds.  A t  a11 times, 

t h e  l i d a r  d a t a  show a wave cloud s t r u c t u r e  and o rgan iza t ion  ref1Lectin.g 

h igh ly  laminar flow. The presence of tu rbulence  i n  t h e  upper t roposphere 

above t h e  wave clouds cannot be explored d i r e c t l y  by a  ground-based 

l i d a r  because t h e  l e n t i c u l a r  c louds a r e  f r equen t ly  opaque t o  t h e  lidar 

iii 



pu l se  energy, e s p e c i a l l y  du r ing  low-level wave development when t h e  

wave clouds c o n s i s t  of water d r o p l e t s .  However, t h e r e  i s  evidence t h a t ,  

i n d i r e c t l y ,  in format ion  on turbulence  can be i n f e r r e d  from t h e  s t r u c t u r e  

and l o c a t i o n  of t h e  wave c louds  a s  de t ec t ed  by t h e  l i d a r .  For example, 

observa t ions  of an  i n t e n s e  wave i n  t h e  l e e  of M t .  Rose on 24 Apr i l  1970 

suggest  t h a t  t h e  p r o b a b i l i t y  of t h e  presence of tu rbulence  above t h e  

wave clouds becomes high when t h e  wave cloud system propagates  downwind 

from t h e  mountain c r e s t  accompanied by pronounced v e r t i c a l  s t ack ing  

of t h e  l e n t i c u l a r  c louds ( t h e s e  f e a t u r e s  a r e  c h a r a c t e r i s t i c  of l e e  wave 

i n t e n s i f i c a t i o n ) .  The i n c r e a s e  i n  tu rbulence  p r o b a b i l i t y  is  i n f e r r e d  

from rawinsonde d a t a  t h a t  show t h e  development i n  t ime of narrow l a y e r s  

of Pow Richardson number (<< 0.25) between 25,000 f t  and 40,000 f t  MSL. 

O n  t h e  b a s i s  of a l l  d a t a  c o l l e c t e d ,  i t  i s  concluded t h a t  t h e  mountain 

lee  wave provides  a  n a t u r a l  l abo ra to ry  f o r  t h e  s tudy  of wave-generated 

tu rbulence ,  t h e  r e l a t i n g  of tu rbulence  t o  low Richardson number, and 

t h e  ex t en t  t o  which atmospheric  flow p a t t e r n s  can be de l inea t ed  by l i d a r .  
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I INTRODUCTION AND OBJECTIVES 

The development of wave motion i n  a  s t a b l y  s t r a t i f i e d  a i r f l ow c r o s s -  

ing  a  mountain b a r r i e r  i s  wel l  documented and formulated i n  t he  l i t e r a t u r e  

on t h e  b a s i s  of t h e o r e t i c a l  s t u d i e s  and observa t iona l  programs ( e , g , ,  
* 

Corby, 1954; Alaka, 1960; Foldvik and Wurtele, 1967).  A mountain barrier 

of major importance i n  t h e  genera t ion  of such wave motion i s  the  S i e r r a  

Nevada; i t s  l e e  waves were the  sub jec t  of i n t e n s i v e  i n v e s t i g a t i o n  dur ing  

the  well-known S i e r r a  Wave P r o j e c t  (Holmboe and Kl i e fo r th ,  1957).  

I t  i s  i n  conrlection with high-level  turbulence i n v e s t i g a t i o n s  t h a t  

s t u d i e s  of t he  atmospheric s t r u c t u r e  i n  t h e  l e e  of mountains have been 

resumed i n  r ecen t  years  (Kuettner and L i l l y ,  1968; Wooldridge and Les te r ,  

1969).  High-level turbulence i s  known t o  be assoc ia ted  wi th  mountain 

b a r r i e r s  and mountain l e e  waves (Re i t e r  and Fol tz ,  1967; Harr ison and 

Sowa, 1966).  Furthermore, i t  i s  c u r r e n t l y  bel ieved (e.g. ,  A t l a s  e t  a l ,  

1970; Roach, 1970) t h a t  c l e a r  a i r  tu rbulence  o the r  than  t h a t  produced 

by convect ion (e.g. ,  thunderstorms) i s  generated by g r a v i t y  waves, Since 

t h e  mountain wave i s  a  system of quas i - s t a t i ona ry  g r a v i t y  waves, t h e  l e e  

of a  mountain b a r r i e r  provides a  n a t u r a l  l abo ra to ry  f o r  i n v e s t i g a t i n g  

wave -generated turbulence .  

The genera l  ob jec t ive  of t he  s tudy conducted under t h e  con t r ac t  

was t o  eva lua t e  t h e  p o t e n t i a l  of l i d a r  ( t h e  o p t i c a l  equiva len t  of r ada r )  

t o  desc r ibe  the  atmospheric s t r u c t u r e  i n  t h e  l e e  of a  mountain b a r r i e r  

dur ing  t h e  occurrence of l e e  waves. The p a r t i c u l a r  ob jec t ive  was t o  

e s t a b l i s h  t o  what ex t en t  l i d a r  observa t ions  (from t h e  ground, a s  i n  t h i s  

study, or  subsequently from an a i r c r a f t )  can be used t o  d e l i n e a t e  or 

i n t e r p r e t  t h e  a i r f l ow f o r  t h e  d e t e c t i o n  or  a n t i c i p a t i o n  of t u rbu lence ,  

* 
References a r e  l i s t e d  a t  t h e  end of t h e  r e p o r t .  





I1 SUMMARY AND CONCLUSIONS 

I n  order  t o  achieve t h e  c o n t r a c t  ob jec t ives ,  a  s e r i e s  of l i d a r  

observa t ions  and support ing rawinsonde a scen t s  were made i n  t h e  southern 

S i e r r a  Nevada i n  t h e  l e e  of Lone Pine Peak (12,944 f t  MSL) dur ing  March 

and A p r i l  1969, and a l s o  i n  t h e  nor thern  S i e r r a  Nevada i n  t h e  l e e  of 

M t .  Rose (10,778 f t  MSL) dur ing  March and Apr i l  1970. Lidar  oblserva- 

t i o n s  were made from a  l o c a t i o n  i n  t h e  l e e  a t  time periods dur ing  which 

t h e  presence of waves was ev ident  from the  presence of l e n t i c u l a r  c louds 

and/or r o t o r  c louds.  During the  southern S i e r r a  Nevada experiment, 

s u b j e c t i v e  turbulence  observat ions were made by a  research  a i r c r a f t  

from t h e  NASA F l i g h t  Research Center a t  Edwards, C a l i f o r n i a .  Unfortunately 

no such a i r c r a f t  was a v a i l a b l e  dur ing  t h e  experiment i n  t h e  nor thern  

S i e r r a  Nevada, but tu rbulence  condi t ions  were i n f e r r e d  from values of 

t h e  Richardson number computed from t h e  d a t a  of radiosonde ba l loons  

r e l ea sed  from a  loca t ion  18 mi les  upwind from t h e  l i d a r  s i t e .  

Although p lans  t o  assemble and t r a n s p o r t  personnel  and equipment 
* 

a r e  r e a d i l y  made on t h e  b a s i s  of t h e  Sierra-wave cl imatology,  t h e  

success  of t he  experiment depended e n t i r e l y  on t h e  upper -a i r  c i r c u l a t i o n  

t h a t  ex i s t ed  a f t e r  personnel and equipment had been t ranspor ted  t o  a 

predetermined f i e l d  s i t e .  The wave s i t u a t i o n s  t h a t  could be monitored 

i n  t h e  southern S i e r r a  Nevada dur ing  March and Apr i l  1969 d id  not  exceed 

moderate i n t e n s i t y  because of t h e  absence of a  high-veloci ty  j e t  s t ream. 

I n  t h e  nor thern  S i e r r a  Nevada a  s i n g l e  l e e  wave of moderate i n t e n s i t y  was 

observed on 13  March 1970, a f t e r  which a  p e r s i s t e n t ,  high-pressure 

r i dge  over t he  western U.S. blocked f u r t h e r  wave development f o r  a 

period of four  consecut ive weeks. Af t e r  t h e  high-pressure r i dge  broke 

- 

 h he expected frequency of occurrence of days with l e e  waves i s  about 

30 percent  dur ing  March and Apr i l  (about 2 days per  7-day week). 



down, a  s t rong  wave was observed and recorded on 24 Apr i l  1970. 

Deta i led  ana lyses  and d i scuss ions  of t h e  l i d a r ,  rawinsonde, and 

tbrbulence d a t a  obtained i n  t h e  southern S i e r r a  Nevada near  Lone Pine 

a r e  presented i n  S c i e n t i f i c  Report 1 (Viezee, 1970).  The present  f i n a l  

r epo r t  summarizes t h e  e n t i r e  lidar/mountain-wave observa t ion  program. 

The d a t a  c o l l e c t e d  dur ing  t h e  s tudy extend and c l a r i f y  t h e  l i d a r  

observa t ions  of Sierra-wave cond i t i ons  made i n i t i a l l y  by C o l l i s  e t  a l .  

(1968) a t  Independence, Ca l i fo rn i a ,  dur ing  February and March 1967. I n  

terms of t h e  genera l  ob jec t ive ,  i t  i s  found t h a t  t he  l i d a r  can o u t l i n e  

various f e a t u r e s  of t h e  atmospheric s t r u c t u r e  dur ing  mountain-wave 

cond i t i ons .  I n  p a r t i c u l a r ,  i t  desc r ibes  i n  remarkable d e t a i l  t h e  l oca -  

t i o n ,  s p a t i a l  d i s t r i b u t i o n s ,  and o p t i c a l  c h a r a c t e r i s t i c s  of t h e  l e n t i c u l a r  

clouds, and t h e  development and l o c a t i o n  of r o t o r  c louds .  Information 

on t h e  lower turbulence  zone(the Turbulent  Boundary Layer under t he  

l e n t i c u l a r  c louds)  supplied by t h e  l i d a r  i s  based on echoes t h a t  a r i s e  

from the  presence of r o t o r  c louds and from t h e  presence of dus t  and 

v a r i a b l e  dus t  concent ra t ions  wi th in  t h e  boundary l a y e r .  I n  terms of 

the  p a r t i c u l a r  ob jec t ives  of t h e  program, it i s  concluded t h a t  a  ground- 

based l i d a r  can d e t e c t  t h e  v e r t i c a l  ex t en t  and t h e  temporal v a r i a t i o n s  

of t h e  lower turbulence  zone, which can harbor moderate and severe  

turbulence  assoc ia ted  with convection and r o t o r  flow. 

No evidence of t h e  presence of s i g n i f i c a n t  tu rbulence  was found i n  

the  midtropospheric l a y e r  of t h e  l e n t i c u l a r  c louds.  A t  a l l  t imes, t h e  

l i d a r  d a t a  show a  wave cloud s t r u c t u r e  r e f l e c t i n g  h ighly  laminar flow. 

The presence of tu rbulence  i n  t h e  upper t roposphere above t h e  wave 

clouds cannot be explored d i r e c t l y  by a  ground-based l i d a r  because 

the  l e n t i c u l a r  c louds a r e  f r equen t ly  opaque t o  t h e  l i d a r  pu lse  energy, 

e s p e c i a l l y  dur ing  low-level wave development, when t h e  wave clouds 

c o n s i s t  of water d r o p l e t s .  However, t h e r e  i s  evidence t h a t ,  i n d i r e c t l y ,  

information on turbulence  can be i n f e r r e d  from t h e  s t r u c t u r e  and l o c a t i o n  

of t h e  wave clouds a s  de t ec t ed  by the  l i d a r .  For example, observa t ions  

of an i n t e n s e  wave i n  t he  l e e  of M t .  Rose on 24 Apr i l  1970 suggest t h a t  

4 



t h e  p r o b a b i l i t y  of t h e  presence of tu rbulence  above t h e  wave clouds be- 

comes high when t h e  wave cloud system propagates  downwind from the  rnoun- 

t a i n  c r e s t  accompanied by v e r t i c a l  s t ack ing  of t h e  l e n t i c u l a r  c louds 

( these  f e a t u r e s  a r e  c h a r a c t e r i s t i c  of lee-wave i n t e n s i f i c a t i o n ) ,  The 

inc rease  i n  turbulence  p r o b a b i l i t y  i s  i n f e r r e d  from rawinsonde d a t a  

t h a t  show t h e  development i n  time of narrow l a y e r s  of low Richardson 

number (< 0.25) between 25,000 f t  and 40,000 f t  MSL. 

The p o t e n t i a l l y  t u r b u l e n t  a r eas  i d e n t i f i e d  from t h e  observat ion 

program (e.g., t he  lower turbulence  zone under t h e  wave clouds and the  

upper turbulence  zone above t h e  wave clouds)  a r e  compatible with t h e  

mountain-wave turbulence observa t ions  discussed by Kuet tner  ( see  Chapters 

10 and 11 i n  Holmboe and Kl i e fo r th ,  1957).  

The air-cooled ruby l i d a r s  used i n  t h e  program u n t i l  January 1971 

had r e l a t i v e l y  low f i r i n g  r a t e s  ( 1  pulse  per  minute) when operated under 

t h e  f r equen t ly  adverse f i e l d  condi t ions  t h a t  were encountered. Con- 

sequent ly,  t h e  lee-wave s t r u c t u r e  analyzed from d a t a  of horizon-to-  

horizon scans had a  low time r e s o l u t i o n  and could only be i n t e r p r e t e d  

i n  terms of t h e  gross ,  t ime-integrated f e a t u r e s  of t h e  mountain wave, 

A g r e a t l y  improved mobile l i d a r  system, t h e  SRI/APCO Mk V I I k  l i d a r ,  

has  r e c e n t l y  become a v a i l a b l e  f o r  f i e l d  use.  This  ruby system i s  l i q u i d -  

cooled, has  a  high pu l se - r epe t i t i on  r a t e  (20 t o  30 pulses  per  minute),  

and inc ludes  an automatic programmed scanning and f i r i n g  c a p a b i l i t y ,  

The backsca t t e r  d a t a  received a f t e r  each l i d a r  pu lse  t ransmission are  

s tored  on a  magnetic d i s c .  A f t e r  each horizon-to-horizon scan t h e  baok- 

s c a t t e r  d a t a  can be 'Iplayed back" on an  osc i l l o scope  i n  t h e  form of a 

range -corrected,  i n t e n s i t y  -modulated range -height i n d i c a t o r  (RHIB 

d i s p l a y .  Thus, v e r t i c a l  c r o s s  sec t ionsof  atmospheric s t r u c t u r e  can be 

generated i n  near r e a l  t ime. The a p p l i c a b i l i t y  of t h i s  h ighly  
* 

automated system t o  mountain-wave turbulence observa t ions  was explored 

i n  t h e  l e e  of M t .  Rose, Nevada, dur ing  a  one-week period i n  February 1971, 

"permission t o  use t h e  Mk V I I I  l i d a r  under t h e  c o n t r a c t  was granted by the 
Divis ion  of Meteorology of t h e  A i r  P o l l u t i o n  Control  Off ice,  Environmental 

P ro t ec t ion  Agency. 
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I11 TECHNIQUES OF OBSERVATION AND DATA ANALYSIS 

The development of l i d a r ,  t h e  o p t i c a l  equiva len t  of radar ,  has 

introduced a  new remote atmospheric-probing technique.  A pulsed l a s e r  

i n  t h e  v i s i b l e  o r  near  i n f r a r e d  spectrum can remotely d e t e c t  p a r t i c u l a t e  

mat te r  of much smal le r  s i z e  and much lower concent ra t ion  than  can be 

seen by t h e  human eye o r  "seen" by a  microwave r a d a r .  Lidar,  t he re fo re ,  

can be used t o  d e t e c t  ae roso l  concent ra t ions  i n  t h e  v i s u a l l y  c l e a r  a i r ,  

and can a l s o  map the  s p a t i a l  e x t e n t  and temporal v a r i a t i o n s  of tenuous 

and sma l l -pa r t i c l e  c louds .  This  new c a p a b i l i t y  has led t o  t h e  suggest ion 

t h a t  l i d a r  be used t o  d e t e c t  c l e a r - a i r  tu rbulence .  A reasonable approach 

appears  t o  be t h e  i d e n t i f i c a t i o n  of t h e  genera l  a i r f l o w  p a t t e r n  from 

l i d a r  observa t ions  of p a r t i c u l a t e  matter ,  wi th  t h e  subsequent recogni -  

t i o n  of a r e a s  prone t o  turbulence  t h a t  a r e  present  or  may develop i n  

t he  flow cond i t i ons  i n  ques t ion  (Co l l i s ,  1964).  During t h e  pas t  two 

yea r s  t h i s  approach was appl ied under Cont rac ts  NAS1-8933 and NASl-9951 

t o  an i n v e s t i g a t i o n  of atmospheric turbulence  i n  mountain waves, Observa- 

t i o n s  of t he  atmospheric s t r u c t u r e  dur ing  mountain-wave cond i t i ons  were 

made i n  t h e  l e e  of t he  S i e r r a  Nevada with mobile l i d a r  u n i t s .  Figure L 

shows such a  u n i t  i n  opera t ion  dur ing  t h e  mountain-wave observa t ion  

program near  Lone Pine, C a l i f o r n i a .  Three d i f f e r e n t  ruby l i d a r s  were 

used dur ing  t h e  course  of t h e  c o n t r a c t s .  The mountain-wave observa t ions  

i n  t h e  southern S i e r r a  Nevada were made with t h e  SRI Mk V a ir-cooled 

l i d a r ,  t he  c h a r a c t e r i s t i c s  of which a r e  l i s t e d  i n  Table 1. The Mk VIH 

l i d a r  was used dur ing  t h e  experiment i n  t h e  nor thern  S i e r r a  Nevada In 

March and A p r i l  1970. I t s  c h a r a c t e r i s t i c s  a r e  i d e n t i c a l  t o  those of t h e  

Mk V except t h a t  t h e  6-inch Newtonian r e f l e c t i n g  t e l e scope  of t he  t r a n s -  

m i t t e r  o p t i c s  i s  replaced by a  2-inch r e f r a c t i n g  l e n s .  This  m o d i f x c a t r o n ,  



FIGURE 1 MOBILE LlDAR UNIT USED DURING MOUNTAIN-WAVE OBSERVATION 
PROGRAM IN THE SOUTHERN SIERRA NEVADA 



Table 1 

CHARACTERISTICS OF MARK V RUBY LIDAR 

Transmi t te r  

Laser Ma te r i a l  

Wavelength 

Energy output  per  pu l se  

Pulse  d u r a t i o n  

Peak power 

Aperture  

Beam divergence 

Cooling 

Q-switch 

Receiver 

Aperture  

E f f e c t i v e  a p e r t u r e  a r ea  

Sol id  angle  of view 

F i l t e r  bandwidth (3 -dB 

a t t enua t ion )  

Photomul t ip l ie r  

Display 

Ruby 

6943 k 
0.22 jou l e  

1 5  nanoseconds 

15  megawatts 

6-inch Newtonian t e l e scope  

0.3 mrad 

Forced a i r  

Rota t ing  prism and s a t u r a b l e  d y e  

6-inch Newtonian t e l e scope  

-3 
Adjustable ,  0 .5  t o  4.0 x  10 
r ad i an  

RCA 7265 (S-20 cathode) 

Tekt ronix  Model 555 dua l  beam CRO 
(bandwidth = 30 MHz) wi th  P-11 
Phosphor ; Polaro id  camera, Type 

410 f i l m ;  Logarithmic response 
video a m p l i f i e r  (op t iona l )  



which was accomplished f o r  t h e  purpose of e l imina t ing  any i n t e r f e r e n c e  

01 t h e  f i e l d  s t o p  with the  outgoing pulse  shape, changes t h e  t r a n s m i t t e r  

beam divergence from 0 .3  t o  0.5 m i l l i r a d i a n .  A f i n a l  experiment made i n  

the l e e  of M t  . Rose, Nevada, i n  February 1971 involved t h e  use of t h e  

SRI/APCO Mk V I I I  l iquid-cooled ruby l i d a r .  The c h a r a c t e r i s t i c s  of t h i s  

g r e a t l y  improved system a r e  l i s t e d  i n  Table 2. 

Observations of atmospheric s t r u c t u r e  were made by f i r i n g  the  l i d a r  

a t  s e l ec t ed  i n t e r v a l s  i n  e l e v a t i o n  angle while  scanning from horizon t o  

horizon i n  a  v e r t i c a l  plane perpendicular  t o  t h e  mountain range. The 

s t a t e  of t h e  sky wi th in  t h e  f i e l d  of view of t h e  l i d a r  r e c e i v e r  was 

monitored by v i s u a l  observa t ion  and by a  sky camera mounted on t h e  l i d a r  

u n i t  (see Figure 1 ) .  On t h e  b a s i s  of t h e  v i s u a l  observa t ions  and the  

photographs from t h e  sky camera, received l i d a r  echoes were a t t r i b u t e d  

t o  r e t u r n s  from a v i s u a l l y  c l e a r  sky, from tenuous ( v i s u a l l y  t r anspa ren t )  

c louds,  o r  from dense ( v i s u a l l y  opaque) c louds .  

When us ing  t h e  Mk V or  Mk V I I  l i d a r ,  t h e  atmospheric backsca t t e r  

s i g n a l s  from each t ransmi t ted  pulse  were monitored a s  func t ions  of range 

on an osc i l loscope  and recorded on Polaroid photographs. The i n d i v i d u a l  

l i d a r  backsca t t e r  s i g n a l s  from each complete v e r t i c a l  scan were used 

t o  cons t ruc t  by a  hand-analysis technique two-dimensional c r o s s  s e c t i o n s  

o f  the  atmosphere analogous t o  t he  f a m i l i a r  R H I  p r e sen ta t ion  of weather 

radar  p r a c t i c e .  The c ros s  s e c t i o n s  were cons t ruc ted  by i n d i c a t i n g  

along each l i n e  of e l eva t ion  t h e  range i n t e r v a l s  over which s i g n i f i c a n t  

l i d a r - r e t u r n  s i g n a l s  were recorded.  D e t a i l s  on th i ckness  and layered 

s t r u c t u r e  of the  recorded echoes were obtained from a  dual-beam 

osc i l l o scope  d i sp l ay  t h a t  showed t h e  l i d a r  echoes on an expanded time 

(range) - sca le .  

The pulse- ra te  frequency of t h e  Mk V and Mk V I I  ruby l i d a r s  does 

not exceed 1 pulse  per  minute when t h e  l i d a r s  a r e  operated over extended 

t i m e  per iods  under adverse f i e l d  cond i t i ons .  Such r e l a t i v e l y  low PRF 



Table 2 

CHARACTERISTICS OF SRI/APCO MARK V I I I  LIDAR 

Transmi t te r  

Laser rod 

Wavelength 

Ruby (3/8 x 3 inches)  

6943.0 f 0.4 A 
Beamwidth 0 .8  mrad 

Optics  Lens (2 -inch), coax ia l  with 
r e c e i v e r  t e l e scope  

Pulse  energy 0.9 jou le  

Pulse  l eng th  30 nanoseconds 

Peak power 30 megawatts 

Q-switch Pockels c e l l  

Maximum PRF 30 pulses/min 

Cavity cool ing  Refr igera ted  water 

Receiver 

Optics  

F i e ld  of view 

E f f e c t i v e  a p e r t u r e  a r e a  

P rede tec t ion  f i l t e r  pass -band 

width 

Detec tor  

Frequency response of e l e c t r o n i c s  

Auxi l ia ry  Fea tures  

Poin t ing  c o n t r o l  

S igna l  condi t ion ing  

Recording 

Data d i s p l a y s  

Newtonian r e f l e c t o r  (6-inch) 

Adjus tab le  from 0 .5  t o  5.8 mrad 
2 

0.016 m 

10 W 
RCA-7265 PMT (S-20 photocathode) 

30 MHz 

Motor -dr iven azimuth and e l e v a t i o n  ; 
s e l e c t a b l e ,  programmed e l e v a ~ i o n  
scanning and f i r i n g  

Automatic range compensation, 
logar i thmic  ampl i f i ca t ion  

Video magnetic d i s c  

RHI and A-scope 



r e s t r i c t s  t h e  number of angular  i n t e r v a l s  t h a t  can reasonably be sampled 

dur ing  horizon-to-horizon scans.  For example, a  scan  from 20 deg e leva-  

t i o n  above t h e  western horizon t o  20 deg e l e v a t i o n  above the  e a s t e r n  

horizon would r e q u i r e  140 min t o  complete when us ing  angular  i n t e r v a l s  

of l deg, but  only 28 min when us ing  angular  i n t e r v a l s  of 5 deg. Most 

l i d a r  observa t ions  were made a t  angular  s t e p s  of 5 deg. During c l a s s i c a l ,  

s t eady- s t a t e  wave condi t ions ,  t h e  e f f e c t  of t ime d i f f e r e n c e  ac ros s  t h e  

c ros s  s e c t i o n  i s  not  bel ieved t o  be s i g n i f i c a n t .  F igure  2 shows a  

v e r t i c a l  c r o s s  s e c t i o n  cons t ruc ted  from l i d a r  d a t a  t h a t  were obtained 

when a  high-level  "s tandingt1 wave cloud was observed i n  t h e  l e e  of Lone 

Pine Peak on 18  March 1969. Although 30 minutes were requi red  t o  complete 

t h e  Pidar  scan, t h e  l e n t i c u l a r  cloud was observed t o  remain s t a t i o n a r y ,  

with only minor changes i n  i t s  small-scale  b i l low s t r u c t u r e .  During 

She low-level wave condi t ions  t h a t  were observed i n  t h e  l e e  of M t .  Rose, 

Nevada, l e e  waves appeared t o  be more t r a n s i e n t ,  and wave clouds showed 

g r e a t  v a r i a b i l i t y  i n  t ime. I n  t h i s  case,  t h e  c r o s s  s e c t i o n s  of l i d a r  

d a t a  r ep re sen t  a  time-averaged s t a t e  of t h e  sky. The e f f e c t s  of t ime 

l a g  on t h e  s p a t i a l  d i s t r i b u t i o n  of l i d a r  echoes i n  a  v e r t i c a l  c r o s s  

s e c t i o n  a r e  rninimizecl when t h e  SRI/APCO Mk V I I I  l i d a r  i s  used. This  

l iquid-cooled ruby system t r ansmi t s  a  0.9 j ou le  pulse  every 3 seconds. 

Consequently, a  v e r t i c a l  c r o s s  s e c t i o n  of l i d a r  d a t a  co l l ec t ed  by scann- 

i ng  from 20' e l e v a t i o n  above t h e  western horizon t o  20' e l e v a t i o n  above 

t h e  e a s t e r n  horizon r equ i r e s  7 minutes when us ing  angular  s t e p s  of 1 

d e g ,  and only 5 minutes when us ing  angular  s t e p s  of 2  deg. The received 

atmospheric backsca t t e r  s i g n a l s  a s  a  func t ion  of range a r e  s to red  on 

a magnetic d i s c  recorder  and "played back" a f t e r  each horizon-to-horizon 

scan i n  t h e  form of an RHI d i s p l a y  of range-corrected, intensity-modulated 

data. Thus, v e r t i c a l  c r o s s  s e c t i o n s  of l i d a r  de tec ted  atmospheric 

s t r u c t u r e  a r e  obtained i n  near  r e a l  time without t h e  need f o r  labor ious  

hand-analysis techniques.  F igure  3(a)  shows a  photograph of t h e  Mk V I I I  
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FIGURE 2 VERTICAL CROSS SECTION OF ATMOSPHERIC STRUCTURE CONSTRUCTED FROM LIDAR 
DATA OBTAINED DURING MODERATE LEE-WAVE DEVELOPMENT NEAR LONE PINE, 
CALIFORNIA, 18 MARCH 1969, 13:38-14:lO PST. Shading-lenticular cloud; dashed tines-- 
subvisible structure; crosses-dust concentrations. 



(a) INTERIOR OF LlDAR VAN 

(b) ROOF OF LlDAR VAN OPENED TO ALLOW 140' ANGULAR 
SCANNING SECTOR 

FiGURE 3 MOBILE SRIIAPCO Mk V l l l  LlDAR UNIT USED DURING MOUNTAIN-WAVE 
OBSERVATION PROGRAM IN THE NORTHERN SIERRA NEVADA 



l i d a r  a s  i t  i s  mounted i n  t h e  van from which i t  ope ra t e s .  F igure  3 Q b )  

shows t h e  roof  of t h e  van, which can be opened t o  a l low t h e  l i d a r  t o  

scan over a 140' angular  s e c t o r  w i th in  a v e r t i c a l  p lane  through t h e  

z e n i t h .  F igure  4 shows an example of a range-corrected,  i n t e n s i t y -  

modulated RHI  type  p r e s e n t a t i o n  composed of a l l  t r a c e s  from a complete 

v e r t i c a l  scan.  The degree t o  which t h e  l i d a r  and i t s  d a t a  record ing  

and d i s p l a y  have been advanced i s  r e a d i l y  apprec ia ted  by a comparison 

of F igures  2 and 4. 



D I S T A N C E  FROM L I D A R  - n mi 

FIGURE 4 CRT DISPLAY OF THE ATMOSPHERIC STRUCTURE DETECTED BY THE 
Mk V l l l  LIDAR WHILE SCANNING THROUGH 140° ANGULAR SECTOR 
AT INTERVALS OF lo. Mt. Rose, Nevada, 9 February 1971, 13:lO-13:17 PST. 



I V  REVIEW OF LIDAR OBSERVATIONS MADE I N  THE! SOUTHERN SIERRA mVmA 

During February and March 1967 a s e r i e s  of observa t ions  us ing  two 

pulsed ruby l i d a r s  were made near  Independence, C a l i f o r n i a  ( C o l l i s  e t  al,, 

1968).  The observa t ion  s i t e  was approximately 4500 f t  above s e a  l e v e l  

(MSL) on t h e  lower s lopes  of t h e  Inyo Mountains on t h e  e a s t e r n  s i d e  of 

t h e  Owens Valley, due e a s t  of t h e  town of Independence. During operat ion,  

t h e  l i d a r s  were scanned through a E-W v e r t i c a l  plane normal t o  t h e  

mountain ranges, and l i d a r  echoes were recorded a t  given i n t e r v a l s  i n  

e l e v a t i o n  angle.  Although no s t rong  mountain lee-wave a c t i v i t y  occurred, 

app rec i ab le  wave motions were de tec ted ,  both i n  what appeared t o  the 

eye t o  be c l e a r  a i r  and i n  a i r  where t h e  p a r t i c u l a t e  mat te r  was s u f f i -  

c i e n t l y  concentrated a s  t o  be v i s i b l e  a s  c louds .  I n t e r r u p t i o n s  i n  the 

smooth laminar flow i n  t h e  c l e a r  a i r  were analyzed from t h e  l i d a r  da ta ,  

and measurements were made of t h e  length,  amplitude, and he ight  of wave 

c louds .  With previous ly  e x i s t i n g  techniques, only l imi t ed  observa t ion  

of t hese  phenomena had been poss ib l e .  On t h e  b a s i s  of t he  experiment, 

i t  was concluded t h a t  l i d a r  observa t ions  could be of cons iderable  value 

i n  s tudying wave motion, and t h a t  l i d a r  observa t ions  could poss ib ly  be 

used t o  i n f e r  t he  presence of tu rbulence  by r evea l ing  t h e  breakdown of 

wave motion o r  t h e  presence of r o t o r s .  

As a consequence of t h e  i n t e r e s t i n g  r e s u l t s  of t h e  i n i t i a l  l i d a r /  

mountain-wave experiment of 1967, a follow-up observa t iona l  program 

was c a r r i e d  out under Contract  NAS1-8933 dur ing  March and A p r i l  1969. 

The SRI Mk V l i d a r  and GMD-1 rawinsonde equipment were s i t e d  on t h e  west 

s i d e  of t h e  Owens Valley a t  a l o c a t i o n  4462 f t  MSL, i n  t h e  l e e  o f  Lone 

Pine Peak (12,944 f t  MSL), approximately two mi les  southwest of t h e  

town of Lone Pine.  During per iods  when wave clouds were v i s u a l l y  ev ident ,  



l i d a r  observa t ions  were made i n  conjunct ion  with rawinsonde a scen t s  and 

observa t ions  by a  NASA research  a i r c r a f t .  The genera l  ob jec t ive  of t h e  

program was t o  obta in  a  b e t t e r  understanding of mechanisms causing 

hazardous turbulence t o  a i r c r a f t  f l y i n g  over mountain t e r r a i n .  The 

p a r t i c u l a r  ob jec t ive  was t o  e s t a b l i s h  whether l i d a r  observa t ions  (from 

the  ground, a s  i n  t h i s  program, or  subsequent ly from an a i r c r a f t )  

could be used t o  d e l i n e a t e  t h e  a i r f l ow and t o  d e t e c t  o r  a n t i c i p a t e  

turbulence i n  mountain waves. Analyses and d i scuss ions  of t h e  l i d a r  

and rawinsonde d a t a  c o l l e c t e d  dur ing  t h e  experiment a r e  presented i n  

S c i e n t i f i c  Report 1, dated January 1970 (Viezee, 1970). The co l l ec t ed  

d a t a  extend and c l a r i f y  t he  observa t ions  made a t  Independence i n  1967. 

.For example, of s p e c i a l  i n t e r e s t  were t h e  observa t ions  made a t  Indepen- 

dence on t h e  a f te rnoon of 19  February 1967 i n  an e a s t e r l y  flow. To 

the eye, a l though patches of a l t ocumulus  clouds were apparent  over t he  

Inyo Mountains a t  a  he ight  of about 13,000 f t  MSL, many of t h e  l i d a r  

echoes were recorded under v i s u a l l y  c l e a r ,  blue-sky cond i t i ons .  When 

analyzed, t h e s e  echoes revealed a  l a y e r  or  boundary a t  t he  he ight  of 

t h e  observed a l tocumulus  clouds t h a t  appeared t o  be s p a t i a l l y  con- 

t inuous .  The i n t e r e s t i n g  f e a t u r e s  were t h e  way i n  which undulat ions 

i n  t h i s  subv i s ib l e  l a y e r  occurred and, i n  p a r t i c u l a r ,  t h e  i n d i c a t i o n s  

of occas iona l  i n t e r r u p t i o n s  i n  t h i s  l i da r -de t ec t ed  boundary. The 

i n t e r r u p t i o n s  were thought t o  i n d i c a t e  a  breakdown of t h e  wave motion, 

which, i n  turn ,  could be assoc ia ted  wi th  turbulence  or  with t h e  develop- 

ment of a  t u rbu len t  r o t o r  reg ion .  These i n t e r p r e t a t i o n s  were c l a r i f i e d  

by t h e  observa t ions  made near  Lone Pine on 20 March 1969 dur ing  wes ter ly  

flow. The s p a t i a l  d i s t r i b u t i o n s  of t h e  l i d a r  echoes from t h e  two 

s e r i e s  of observat ions a r e  compared i n  Figure 5. On 20 March 1969 

[ ~ i g u r e  5 (b ) ] ,  t h e  l a y e r  of l i d a r  echoes de t ec t ed  i n  t h e  v i s u a l l y  c l e a r  

s k y  between t h e  s t r a t u s  wa l l  t o  t h e  west of t h e  l i d a r  s i t e  and t h e  

Lent icu lar  cloud t o  t h e  e a s t  i s  s i m i l a r  t o  t h a t  de tec ted  dur ing  t h e  

18 
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(b) LONE PINE, CALIFORNIA, 20 MARCH 1969, 15:48-16:25 PST 

FIGURE 5 VERTICAL CROSS SECTIONS OF LIDAR ECHOES SHOWING SIMILARITY IN 
ATMOSPHERIC STRUCTURE OBSERVED DURING WAVE CONDlTlOhlS OVER 
OWENS VALLEY ON TWO SEPARATE OCCASIONS. Shading-visible clouds; 
dashed lines-subvisible structure; open circles-dust. 



i i d a r  experiment a t  Independence on 19  February 1967 [ ~ i g u r e  5(a)  1.  

From v i sua l  observa t ions  made a t  t h e  time of l i d a r - d a t a  c o l l e c t i o n  and 

from t h e  examination of i n d i v i d u a l  l i d a r  t r a c e s ,  i t  i s  ev ident  t h a t  t h e  

" c l e a r  a i r "  echoes of 20 March 1969 were connected wi th  t h i n  bands of 

tenuous cloud t h a t  were seen t o  emerge from t h e  s t r a t u s  wa l l .  I t  i s  

bel ieved t h a t  they  r ep resen t  concent ra t ions  of cloud p a r t i c l e s  (poss ib ly  

ice c r y s t a l s )  near  t h e  s u b v i s i b l e  range t h a t  a r e  advected from t h e  

s t r a t u s  wa l l  downwind along t h e  descending a i r  t r a j e c t o r y  of t h e  l e e  

reg ion  in ,o  t h e  ascending t r a j e c t o r y  assoc ia ted  wi th  t h e  l e n t i c u l a r  

cloud over t h e  Inyo Mountains. The " c l e a r  a i r "  d i s c o n t i n u i t i e s  i n  t h e  

l i d a r  d a t a  of 19 February 1967 can be i n t e r p r e t e d  s i m i l a r l y  a s  sub- 

visible concent ra t ions  of cloud p a r t i c l e s  t h a t  a r e  advected i n  t h e  

e a s t e r l y  flow downwind from t h e  orographic altocumulus clouds over t h e  

Inyo Mountains. The undulat ing,  subv i s ib l e  l a y e r  of cloud p a r t i c l e s  

identifies t h e  e a r l y  s t ages  of a small-amplitude wave development. 

When t he  l e e  wave i n t e n s i f i e s  and inc reases  i n  amplitude, v i s i b l e  

l e n t i c u l a r  c louds appear i n  t h e  l e e  reg ion  a t  t he  l e v e l  of t h i s  l a y e r  a s  

shown by t h e  l e n t i c u l a r  cloud i n  Figure 5 (b ) .  The e a s t e r l y  l e e  wave 

observed on 19  February 1967 never developed t o  t h e  ex t en t  t h a t  pronounced 

l e n t i c u l a r  c louds became v i s i b l e .  The development of a lower turbulence  

zone i s  heralded by the  appearance of echo c l u s t e r s  ( ind ica ted  by open 

c i r c l e s  i n  t h e  analyses  of Figure 5)below t h e  l e v e l  of t h e  developing 

wave motion. These c l u s t e r s  a r i s e  from d u s t  and v a r i a b l e  d u s t  concent ra -  

t i o n s  i n  t h e  boundary l a y e r .  A s  t h e  r o t o r  reg ion  i n t e n s i f i e s ,  cumuliform 

r o t o r  c louds appear.  These clouds develop along t h e  upper boundary 

of the  Turbulent Boundary Layer, which can be e a s i l y  i d e n t i f i e d  by 

the  sha rp  decrease  i n  backsca t t e r  i n  t h e  l i d a r  d a t a  a s  shown i n  Figure 6. 

Figure 7 i l l u s t r a t e s  t h e  atmospheric s t r u c t u r e  analyzed from l i d a r  

backsca t t e r  s i g n a l s  recorded on 20 March 1969 a t  a t ime period a f t e r  

t h a t  of Figure 5(b) .  Noteworthy i s  t h e  l o c a t i o n  of t h e  r o t o r  c louds 



(a) DUAL-BEAM OSCILLOSCOPE DISPLAYS SHOWING THE UPPER BOUNDARY OF THE TURBULENT 
BOUNDARY LAYER AND THE ROTOR CLOUDS AS IDENTIFIED BY LlDAR 

(b) PHOTOGRAPH OF THE LIDAR-DETECTED ROTOR CLOUDS 

FIGURE 6 DATA ON TURBULENT BOUNDARY LAYER OBSERVED ON 20 MARCH 1969 
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FIGURE 7 VISIBLE (SHADING) AND SUBVISIBLE (DASHED LINES) WAVE CLOUD 
STRUCTURE OBSERVED BY LlDAR OVER OWENS VALLEY DURING 
SIERRA-WAVE CONDITIONS ON 20 MARCH 1969, 16:27-16:49 PST. 
Crosses indicate lidar-detected upper boundary of turbulent boundary layer. 



under the  upwind edge of the  l e n t i c u l a r  cloud, a  f requent ly  observed 

fea tu re  t h a t  d i f f e r s  from t h a t  associated with the  lee-wave streamline 

pa t t e rn  computed by Scorer and Kl ie fo r th  (1959). 

Figure 8 shows rawinsonde d a t a  and the  wave-cloud s t r u c t u r e  with 

the  Turbulent Boundary Layer a s  analyzed from l i d a r  da ta  obtained 

during a moderate wave development on 18 March 1969. The l i d a r  da ta  

were col lec ted  during a time period when a T-33 a i r c r a f t  from the  Flight 

Research F a c i l i t y  of NASA, Edwards explored the  area  of wave a c t i v i t y ,  

The indicated subjec t ive  turbulence repor t s  a r e  typ ica l  of what the  

research a i r c r a f t  encountered during the  1969 experiment i n  the  southern 

S i e r r a  Navada: moderate turbulence was always encountered i n  the  

Turbulent Boundary Layer under the  wave clouds where the  l i d a r  detected 

var iable  dus t  concentrat ions,  whereas the  tropospheric l aye r  of wave 

clouds genera l ly  presented no more than very l i g h t  turbulence, which is 

compatible with t h e  high degree of laminar flow r e f l e c t e d  by the  lidar- 

detected wave cloud s t r u c t u r e .  

The GMD-1 rawinsonde da ta  f o r  the  lee-wave case inves t iga ted  show 

only expected fea tu res  such as  r e l a t i v e l y  high wind speeds i n  the  upper 

troposphere, l a rge  v e r t i c a l  shear i n  the  Turbulent Boundary Layer, and 

a thermally s t a b l e  layer  a t  the  top  of the  boundary l aye r .  On t h e  

bas i s  of these  features,  t h e  l i d a r  d a t a  t h a t  were col lec ted  a r e  con- 

sidered rep resen ta t ive  of a  l e e  wave of moderate i n t e n s i t y .  The use- 

fu lness  of the  rawinsonde d a t a  i n  the  i n t e r p r e t a t i o n  of t h e  l i d a r  data 

was l imi ted  by the  f a c t  t h a t  the  radiosonde balloon was released at 

the  l i d a r  s i t e .  Consequently, a t  l e v e l s  above the  ro to r  region and i n  

t h e  upper troposphere the  per t inent  rawinsonde da ta  were no longer 

coincident  i n  space with the  l i d a r  da ta .  The rough t e r r a i n  of the  

southern S i e r r a  Nevada i n  the  area  of operat ion prevented a launch 

upwind from the  l i d a r  s i t e .  
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FIGURE 8 RAWINSONDE DATA (14:55 PST) AND WAVE CLOUDS WITH BOUNDARY LAYER 
ANALYZED FROM LIDAR DATA (13538-14: 10 PST) DURING SIERRA-WAVE 
CONDITIONS NEAR LONE PINE, CALIFORNIA, ON 18 MARCH 1969. Turbulence 
reports by NASA Research Aircraft. 



V PRESENTATION AND INTERPRETATION OF OBSERVATIONS MADE I N  THE NORTHERN 
SIERRA NEVADA 

A .  General 

Since t h e  wave s i t u a t i o n s  encountered i n  t h e  southern  S i e r r a  

Nevada dur ing  March and A p r i l  1969 d id  not  exceed moderate i n t e n s i t y ,  

i t  was decided t o  make a d d i t i o n a l  lidar/mountain-wave observa t ions  i n  

t h e  l e e  of M t .  Rose, Nevada, dur ing  t h e  sp r ing  of 1970. Under t h e  

assumption t h a t  t h e  chances of a high-veloci ty  j e t  stream and subsequentny 

a s t rong  l e e  wave, would be g r e a t e r  i n  t h e  nor thern  S i e r r a  Nevada, the  
* 

l i d a r  equipment and a support ing radiosonde u n i t  were moved t o  Reno, 

Nevada, on 10 March 1970. The road development i n  t h i s  a r e a  makes i t  

poss ib l e  t o  opera te  t h e  rawinsonde u n i t  a t  a s i t e  upwind from t h e  l o c a t i o n  

of t h e  l i d a r  . The 16-f oot covered van housing t h e  Mk V I I  ruby l i d a r  and 

i t s  data-recording equipment was parked on a s i t e  6 mi les  ENE of Mt, Rose 

(10,778 f t  MSL) and 8 mi les  SW of Reno. The use of t h e  s i t e  (elevation 

5,640 f t  MSL) was granted t o  SRI by t h e  Univers i ty  of Nevada, During 

s t rong  wes ter ly  o r  southwester ly a i r f l ow t h e  l i d a r  i s  loca ted  under 

t h e  primary c r e s t  of t h e  M t .  Rose l e e  wave. The rawinsonde u n i t  was 

placed a t  t h e  Truckee-Tahoe Airpor t ,  18 mi les  WSW of t h e  l i d a r  s i t e ,  

Thus, when t h e  mountain l e e  wave develops under condi t ions  of wester ly 

winds, t h e  radiosonde ba l loon  i s  r e l eased  upwind from t h e  l i d a r ,  I n  

Figure 9, t e r r a i n  p r o f i l e s  of t h e  l e e  s lope  i n  t h e  v e r t i c a l  plane 

perpendicular  t o  t h e  mountain c r e s t  and the  l o c a t i o n  of t h e  l i d a r  

with r e spec t  t o  t h e  mountain c r e s t  a r e  compared f o r  t h e  southern and 

no r the rn  S i e r r a  Nevada experiments.  Although t h e  l e e  s lopes  a r e  

comparable, d i f f e r e n c e s  between t h e  t e r r a i n  p r o f i l e s  t o  t he  west and 

* 
The radiosonde u n i t  used was a r e n t a l  u n i t  (Model RD-65 Rawinsonde 
Receiver and Recorder) made by Weather Measure Corporation, Sacramento, 

C a l i f o r n i a  . 
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D I S T A N C E  F R O M  MOUNTAIN  CREST - n mi 

FIGURE 9 COMPARISON BETWEEN LEE-SLOPE PROFILES IN THE VERTICAL PLANE OF 
LlDAR SCANNING FOR THE OBSERVATION SITES USED IN THE SOUTHERN 
AND NORTHERN SIERRA NEVADA 



northwest of Lone Pine Peak and M t .  Rose in t roduce  s i g n i f i c a n t  d i f f e r e n c e s  

i n  t h e  con f igu ra t ion  of t h e  r e spec t ive  l e e  waves. During s t rong  wes ter ly  

o r  southwester ly flow, t h e  l e e  wave over t h e  Owens Valley i s  o f t en  a 

high-level  wave resembling t h e  c l a s s i c a l  con f igu ra t ion  descr ibed by 

Holmboe and K l i e f o r t h  (1957). However, under s i m i l a r  flow condi t ions  

t h e  wave i n  t h e  l e e  of M t .  Rose i s  a  low-level wave t h a t  inc ludes  

t h e  e f f e c t s  of wave motions generated by s e v e r a l  mountain r i d g e s  and 

peaks (7,800 t o  9,200 f t  MSL) t h a t  a r e  loca ted  upwind. 

F igure  10 shows a  photograph of t h e  mountain p r o f i l e  and the  

l o c a t i o n  of t h e  l i d a r  van looking west toward M t .  Rose. 

On 11 March 1970, l i d a r  and rawinsonde equipment was unpacked, 

assembled, and c a l i b r a t e d .  Prepara t ions  were completed t o  make a s e r i e s  

of explora tory  observa t ions  t o  check t h e  proper opera t ion  of all l i d a r  

and rawinsonde equipment ccmponents and t o  f a m i l i a r i z e  SRI  personnel 

w i th  t h e  p o s i t i o n  and cloud forms of t h e  M t .  Rose l e e  wave. 

B. Observations of 12 March 1970 

On 12 March 1970, l i d a r  observat ions were c o l l e c t e d  from 

15:00 t o  19:30 PST. During t h i s  time period, l e n t i c u l a r  c louds ind ica t ed  

the  presence of a  l e e  wave of l i g h t  t o  moderate i n t e n s i t y .  F igures  I-l  

and 12 show v e r t i c a l  c r o s s  s e c t i o n s  of t h e  l i d a r  -observed atmospheric 

s t r u c t u r e  dur ing  two success ive  time per iods .  Examples of t h e  recorded 

l i d a r  backsca t te r  s i g n a l s  a r e  included i n  each case .  The l i d a r  was 

f i r e d  a t  i n t e r v a l s  i n  e l e v a t i o n  angle s e l ec t ed  i n  such a  way a s  t o  

ob ta in  equal  ho r i zon ta l  spacing between t h e  success ive  l i n e s  of s i g h t  

(and subsequent ly between t h e  recorded backsca t t e r  s i g n a l s )  of about 

1600 f t  a t  25,000 f t  MSL. 
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(a) VERTICAL CROSS SECTION OF WAVE CLOUD STRUCTURE ANALYZED FROM LIDAR DATA OBTAINED 
BY ANGULAR SCANNING I N  A VERTICAL PLANE. Dark shading identifies opaque lenticular cloud. 

FIGURE 11 LIDAR DATA OF MOUNTAIN WAVE RECORDED IPJ THE LEE OF MT. ROSE, 
NEVADA, ON 12 MARCH 1970, 18:16-18:45 PST 
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(b) EXAMPLES OF LlDAR BACKSCATTER SIGNALS RECORDED FROM OPAQUE LENTICULAR CLOUD AT 60' AND 72' 
ELEVATION, AND FROM MULTIPLE-LAYERED TRANSPARENT CLOUD AT 56' ELEVATION 

FIGURE 11 LlDAR DATA OF MOUNTAIN WAVE RECORDED IN THE LEE OF MT. ROSE, 
NEVADA, ON 12 MARCH 1970, 18:16-18:45 PST (Concluded) 
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(b) EXAMPLES OF LIDAR BACKSCATTER SIGNALS RECORDED NEAR DOWNWIND EDGE OF LENTICULAR 
CLOUD STRUCTURE 

FIGURE 12 LIDAR DATA OF MOUNTAIN WAVE RECORDED IN THE LEE OF MT. ROSE, 
NEVADA, ON 12 MARCH 1970, 18:47-19:33 PST 



Figure  l l ( a )  shows t h e  l o c a t i o n  of t h e  primary l e n t i c u l a r  cloud 

overhead and t o  t h e  west of t h e  l i d a r  s i t e .  The v i s i b l e  l e n t i c u l a r  

cloud ( ind ica t ed  by t h e  dark  shading) i s  opaque t o  t h e  l i d a r  pu lse  

energy and thus  s h i e l d s  t h e  upper t roposphere above from d i r e c t  l i d a r  

probing. During the  time period of observat ion,  t h e  sky beyond t h e  

upwind edge of t h e  wave cloud (below 60' e l e v a t i o n  angle)  was covered 

ivith t r anspa ren t  c louds t h a t  had t h e  v i s u a l  c h a r a c t e r i s t i c s  of c i r r u s .  

The l i d a r  echoes above 30,000 f t  MSL may have been connected wi th  t h e  

c o n t r a i l  c i r r u s  t h a t  was seen wi th in  t h e  f i e l d  of view of t h e  l i d a r  

r e c e i v e r .  The broad l a y e r  of backsca t t e r  s i g n a l s  recorded over M t .  

Rose between 20,000 f t  and 25,000 f t  MSL r e p r e s e n t s  t h e  tenuous cloud 

l a y e r  i n  which t h e  l e n t i c u l a r  cloud developed. The presence of such 

a v i s u a l l y  t r anspa ren t  l a y e r  upwind from a  v i s u a l l y  opaque l e n t i c u l a r  

cloud i s  observed f r equen t ly  by t h e  l i d a r  (see, f o r  example, F igures  2, 

5, and 7 ) .  I t  i s  l i k e l y  t h a t  t h e  cloud s t r u c t u r e  of Figure l l ( a )  

po r t r ays  t h e  modi f ica t ion  of a  p r e e x i s t i n g  l a y e r  of tenuous cloud by 

a s tanding  g r a v i t y  wave generated p a r t l y  by topography, upwind from 

Mt, Rose, The opaque l e n t i c u l a r  cloud must correspond t o  t h e  c r e s t  of 

t h e  l e e  wave. The l a y e r  of t r anspa ren t  cloud upstream from t h e  l e n t i c u l a r  

cloud shows a  d i s t i n c t  mult iple- layered s t r u c t u r e  a t  a  po in t  approxi-  

mately 1 1/2 m i  e a s t  of M t .  Rose. Of i n t e r e s t  i s  t h e  o p t i c a l  change 

from t h e  m u l t i p l e  l a y e r s  of t r anspa ren t  cloud ( a t  56' e l eva t ion )  t o  

t he  opaque l e n t i c u l a r  cloud ( a t  60' e l eva t ion )  over a  h o r i z o n t a l  d i s t a n c e  

of only 1600 f t .  Figure l l ( b )  shows a c t u a l  l i d a r  backsca t t e r  s i g n a l s  

received from t h e  opaque l e n t i c u l a r  cloud a t  60' and 72' e l e v a t i o n  

and from t h e  mult iple- layered t r anspa ren t  cloud a t  56' e l eva t ion .  

Prom a dual-beam oscilloscope d i s p l a y  t h e  l i d a r  s i g n a l s  from t h e  clouds 

can be examined f o r  d e t a i l  on an expanded (5ps/cm) s c a l e .  The above- 

mentioned l a r g e  s p a t i a l  change i n  backsca t t e r  c h a r a c t e r i s t i c s  from t h e  

mul t ip l e  l a y e r s  of t r anspa ren t  cloud t o  t h e  opaque l e n t i c u l a r  cloud 



over a h o r i z o n t a l  d i s t a n c e  of only 1600 f t  i s  ev ident  from a comparison 

between t h e  l i d a r  s i g n a l  r e t u r n s  of 56' and 60' e l e v a t i o n .  The expanded 

(5ps/cm) t r a c e s  suggest t h a t  t h e  large-amplitude r e t u r n  s i g n a l  recorded 

a t  60 ' e l e v a t i o n  t h a t  i d e n t i f i e d  t h e  upwind edge of t he  l e n t i c u l a r  

cloud l i e s  w i th in  a  l a y e r  of r e l a t i v e l y  low r e t u r n  s i g n a l  similLar i n  

c h a r a c t e r  t o  t h a t  recorded a t  56' e l eva t ion .  I f ,  below 25,000 f t  MSE, 

t he  wave-cloud l a y e r  shown i n  Figure l l ( a )  cons is ted  of super-cooled 

water d r o p l e t s  ( temperature a t  t h a t  l e v e l  was approximately - 3 0 ~ ~ 1 ,  

then the  l a r g e  d i f f e r e n c e  i n  s t r e n g t h  of t h e  l i d a r  backsca t t e r  s i g n a l s  

sugges ts  t h a t  t h e  v i s i b l e  l e n t i c u l a r  cloud r e s u l t e d  from a r a t h e r  

explos ive  growth i n  drop s i z e  and/or drop concen t r a t ion  wi th in  a 

s t r i c t l y  laminar flow p a t t e r n .  

Af t e r  t h e  d a t a  shown i n  Figure 11 had been co l l ec t ed ,  an 

a d d i t i o n a l  l e n t i c u l a r  cloud developed a t  a  lower l e v e l .  Figure 124a) 

shows t h e  s p a t i a l  e x t e n t  of t h e  newly formed l e n t i c u l a r  cloud from t h e  

upwind edge (60' e l e v a t i o n  angle)  t o  t h e  downwind edge (30' e l e v a t i o n ) ,  

Because of rap id  e x t i n c t i o n  of t h e  l i d a r  pu lse  energy, t h e  atmospheric 

s t r u c t u r e  above t h i s  lower l e n t i c u l a r  cloud (from 63' t o  41' el.evation) 

could not  be de t ec t ed .  However, near  t he  occas iona l ly  t r anspa ren t  

edges (60' e l e v a t i o n  upwind and < 41' e l e v a t i o n  downwind) t h e  l i d a r  d a t a  

show the  presence of higher  cloud l aye r s ,  probably r ep re sen t ing  those 

observed e a r l i e r  and portrayed i n  Figure l l ( a ) .  Figure 12 (b)  shows the 

a c t u a l  l i d a r  backsca t t e r  s i g n a l s  recorded a t  39') 31°, and 30' e l e v a t i o n  

zngle.  The presence of a  broad mult iple- layered cloud s t r u c t u r e  with 

r e l a t i v e l y  low backsca t t e r  c h a r a c t e r i s t i c s  a t  a  he ight  between 28,000 ft 

and 25,000 f t  MSL i s  c l e a r l y  ev ident  i n  t h e  d a t a  from a l l  t h r e e  e l eva -  

t i o n  angles .  This  l a y e r  i s  t h e  same a s  t h a t  de t ec t ed  e a r l i e r  [ s e e  Figure 

l l ( b )  1.  The two l a r g e  backsca t t e r  s i g n a l s  de tec ted  a t  39' e l e v a t i o n  

a r e  c h a r a c t e r i s t i c  of l i d a r  r e t u r n s  received from dense water c louds ,  

The lower s i g n a l  r ep re sen t s  t h e  th in ,  t r anspa ren t  downwind edge of the 



l e n t i c u l a r  cloud shown i n  F igure  1 2 ( a ) .  The upper s igna l ,  loca ted  near  

25,000 f t  MSL, and embedded wi th in  a  broad, mult iple- layered cloud 

s t r u c t u r e ,  r e p r e s e n t s  t h e  downwind edge of t h e  l e n t i c u l a r  cloud de tec ted  

e a r l i e r  and portrayed i n  F igure  l l ( a ) .  The l i d a r  d a t a  i n d i c a t e  t h a t  

t h e  l e n t i c u l a r  cloud cons i s t ed  of l a r g e r  d r o p l e t s  and/or l a r g e r  drop- 

l e t  concent ra t ion  than  t h e  l a y e r  i n  which i t  developed. Although t h e  

broad cloud l a y e r  p e r s i s t s  i n  t h e  l i d a r  t r a c e s  a t  31' and 30' e l eva t ion ,  

t h e  l a r g e  backsca t t e r  s i g n a l s  from t h e  l e n t i c u l a r  c louds have e i t h e r  

disappeared ( a t  31' e l eva t ion )  o r  show i n  g r e a t l y  reduced s t r e n g t h  

( a t  30' e l eva t ion ) ,  which impl ies  t h a t  t he  cloud elements c h a r a c t e r i s t i c  

of t he  l e n t i c u l a r  c louds a r e  r a p i d l y  disappearing,  poss ib ly  i n  t h e  down- 

ward t r a j e c t o r y  of t h e  wave t rough.  The change i n  s t r e n g t h  of t h e  

backsca t te r  s i g n a l s  near  t h e  downwind edge of t h e  l e n t i c u l a r  c louds 

shown by t h e  d a t a  i n  Figure 12(b) provides a d d i t i o n a l  evidence t h a t  

the clouds cons is ted  of water d r o p l e t s .  I c e  c r y s t a l s  would not  have 

disappeared a s  r ap id ly ,  e s p e c i a l l y  s i n c e  t h e  l e e  wave was judged t o  be 

of only light-to-moderate i n t e n s i t y ,  with no large-amplitude t r a j e c t o r i e s .  

The d a t a  i l l u s t r a t e  t h e  p o t e n t i a l  of l i d a r  t o  i n v e s t i g a t e  i n  d e t a i l  t h e  

s t r u c t u r e  a d  o p t i c a l  c h a r a c t e r i s t i c s  of wave c louds .  The l a t t e r ,  i n  

-turn, r e f l e c t  t h e  high degree of laminar (nonturbulent) flow i n  t h e  

at.mospheric l a y e r  of t h e  wave c louds .  

6. Observations of 13  March 1970 

On 13 March 1970, radiosonde bal loons were launched from t h e  

Truckee-Tahoe Ai rpo r t  a t  10 :30 PST and a t  13  :45 PST ; l i d a r  d a t a  were 

co l l ec t ed  from 0900 t o  1100 PST. No wave clouds were observed dur ing  

t h i s  time period, but an ex tens ive  coverage of high clouds was present  

w i th  a r e a s  of r a p i d l y  developing and decaying b i l low clouds.  F igure  13 

shows t h e  l i d a r  d a t a  and t h e  comparative rawinsonde d a t a .  The exac t  

p o s i t i o n  of t h e  radiosonde ba l loon  a s  i t  came ac ros s  t h e  f i e l d  s i t e  a f t e r  
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t h e  10:30 PST launch i s  i nd ica t ed  a l s o .  The l i d a r  echoes t h a t  r e l a t e  

t o  t h e  observed billow-cloud s t r u c t u r e  a r e  loca ted  i n  a  l a y e r  of s l i g h t l y  

super -ad iaba t ic  l apse  r a t e  capped by a  temperature i nve r s ion .  Such a  

thermal. s t r a t i f i c a t i o n  i n  conjunct ion  wi th  v e r t i c a l  wind shear  has 

been discussed by Sekera (1948) i n  connect ion with t h e  development of 

s h o r t  g r a v i t a t i o n a l  waves of t h e  Helmholtz type.  Such waves a r e  r e -  

cognized a s  an in te rmedia te  s t a g e  between laminar flow and f u l l y  de- 

veloped turbulence .  The l i d a r  d a t a  were obtained by t r a n s m i t t i n g  a  

s i n g l e  pulse  every one t o  two minutes while changing t h e  e l e v a t i o n  

angle by 2 t o  3 degrees .  The observed cloud l a y e r  was t r anspa ren t  t o  

the  l i d a r  pu lse  energy, and no p a r t i c u l a t e  ma t t e r  was de tec ted  above o r  

below. Apart from a s l i g h t  undula t ion  i n  t h e  l a y e r  of l i d a r  echoes 

over Mt. Rose, no c l ea r - cu t  i d e n t i f i c a t i o n  of b i l low cloud s t r u c t u r e  

can be made on the  b a s i s  of t h e  l i d a r  d a t a  a lone .  I t  i s  obvious t h a t  

short-wavelength g r a v i t y  waves must be inves t iga t ed  with a  higher  pulse-  

rate-frequency l i d a r  than was used.  Also the  a b i l i t y  t o  r a p i d l y  scan 

0 
a t  very small  i n t e r v a l s  i n  e l e v a t i o n  angle (5 1 ) seems necessary.  I t  

i s  not known whether or  not tu rbulence  was a c t u a l l y  present  i n  t h e  l aye r  

of b i l low clouds a t  t he  time of l i d a r  probing. I t  i s  noteworthy, however, 

t h a t  t he  13:45 PST rawinsonde d a t a  show a near -ad iaba t ic  l a p s e  r a t e  

throughout a  broad l a y e r  centered a t  t h e  l e v e l  of t h e  ear l ie r -observed  

clouds.  This  l a y e r  could have r e s u l t e d  from t h e  e f f e c t s  of t u r b u l e n t  

mixing. 

D .  Observations of 24 A p r i l  1970 - 
Because of t he  development and subsequent pe r s i s t ence  of a 

blocking, high-pressure r i dge  over t h e  western U.S., no s t rong  mountain 

waves occurred i n  t h e  a r ea  of opera t ion  f o r  a  period of 3 t o  4 weeks. 

On 24 A p r i l  1970, however, when a  s t rong  wave developed, daytime observa- 

t i o n s  by l i d a r  were made dur ing  a  t ime period of nea r ly  7 hours while  



t h r e e  radiosonde ba l loons  were r e l ea sed  from t h e  Truckee-Tahoe Ai rpo r t  

a t  i n t e r v a l s  of 3 t o  4 hours .  The i n t e n s i t y  of t h e  wave i s  evaluated 

on t h e  b a s i s  of t h e  so-ca l led  Froude number (Long, 1953), def ined  as 

-1/2 
Fr  = U 

where r mean wind component perpendicu la r  t o  t h e  mountain 
n e - s t a t i c  s t a b i l i t y  throughout t h e  t roposphere  a 

H r depth  of t h e  t roposphere .  

Wurtele (1970) computed t h i s  t h e o r e t i c a l  parameter a s  Fr = 0-20 

f o r  t h e  s t r o n g  mountain wave t h a t  dominated t h e  weather s i t u a t i o n  a t  

t h e  time of t h e  Pa rad i se  A i r l i n e  c r a s h  near  Lake Tahoe on 1 March 1964, 

Also, t h e  s t rong  S i e r r a  wave of 16 February 1952, documented by Rolmboe 

and K l i e f o r t h  (1957), was a s soc i a t ed  wi th  F r  = 0.24. The values  of Fr  

a s soc i a t ed  wi th  t h e  M t .  Rose l e e  wave observed on 24 A p r i l  1970 a r e  

given i n  Table  3 .  The l i s t e d  va lues  were computed on t h e  b a s i s  of t h e  

rawinsonde d a t a  c o l l e c t e d  dur ing  t h r e e  s e p a r a t e  t ime pe r iods .  

Table 3 

Values of t h e  Froude number a s soc i a t ed  wi th  t h e  M t .  Rose 
l e e  wave observed on 24 A p r i l  1970 

I t  i s  seen  t h a t ,  du r ing  t h e  af ternoon,  Fr  exceeded t h e  value of 

Wur te le ' s  l e e  wave of 1 March 1964 and of t h e  Bishop wave of 16 February 

1952. Thus, t h e  M t .  Rose l e e  wave of 24 A p r i l  1970 can be c l a s s i f i e d  

a s  an i n t e n s e  mountain wave. Figure 14 shows a photograph of t h e  wave 

cloud system a s  observed wi th in  t h e  f i e l d  of view of t h e  l i d a r  i n  t h e  

d i r e c t i o n  of M t .  Rose a t  an e a r l y  s t a g e  of t h e  wave development, 

Radiosonde Launch 
Time (PST) 

0 950 
1324 

160 5 

Froude Number 

0.18 

0.23 
0.27 



FIGURE 14 WAVE CLOUD STRUCTURE AS PHOTOGRAPHED DURING EARLY STAGE OF 
STRONG WAVE DEVELOPMENT IN THE LEE OF MT. ROSE, NEVADA ON 
24 APRIL 1970 a t  12:03 PST 



Figure 15 shows success ive  p o s i t i o n s  and a l t i t u d e s  of t he  

radiosonde bal loons a s  they  crossed t h e  M t .  Rose mountain r idge  15 t o  

25 minutes a f t e r  t h e i r  r e l e a s e  from t h e  Truckee-Tahoe A i r p o r t .  I n  t h e  

af ternoon,  dur ing  s t rong  southwester ly a i r f low,  t h e  ba l loons  passed 

wi th in  4 mi l e s  n o r t h  of t h e  l i d a r  s i t e  a t  a l t i t u d e s  c l o s e  t o  30,000 ft 

MSL. As monitored from t h e  Truckee-Tahoe Airpor t ,  t h e  radiosonde 

ba l loons  were no t  observed below 10' e l e v a t i o n  angle  u n t i l  they had 

reached 35,000 f t  t o  40,000 f t  MSL. Thus, up t o  t h e s e  a l t i t u d e s ,  th@ 

wind d a t a  computed a s  2-min averages a r e  considered r e l i a b l e .  

The rawinsonde d a t a  c o l l e c t e d  throughout t h e  day and the  wave 

cloud s t r u c t u r e  a s  de tec ted  by the  l i d a r  a r e  shown i n  Figure 16 .  The 

rawinsonde d a t a  a r e  presented i n  t h e  form of v e r t i c a l  p r o f i l e s  of t h e  

(2-min averaged) wind component perpendicular  t o  the  mountain range 

and v e r t i c a l  p r o f i l e s  of p o t e n t i a l  temperature.  The l a t t e r  g ive  a 

measure of t h e  a l l - impor tan t  s t a t i c  s t a b i l i t y .  The l i d a r  d a t a  were 

obtained by scanning i n  a downwind d i r e c t i o n  s t a r t i n g  from t h e  upwind 

edge of t h e  v i s i b l e  l e n t i c u l a r  cloud system. Because of t h e  opac i ty  

of t he  wave clouds, t he  l i d a r  desc r ibes  only t h e  s p a t i a l  d i s t r i bu t i i o~z  

of t h e  lower cloud-boundaries and, on occasion, t h e  inc l ined  (upwind) 

s t ack ing  of t h e  wave cloud elements.  The l i d a r  and rawinsonde d a t a  

show t h e  following f e a t u r e s  of i n t e r e s t .  

(1) The rawinsonde d a t a  show t y p i c a l  f e a t u r e s  assoc ia ted  wi th  the  

development of a l e e  wave and i t s  i n t e n s i f i c a t i o n  with time-- 

i . e . ,  l a r g e  s t a t i c  s t a b i l i t y  w i th in  a lower t ropospher ic  

l a y e r  of i nc reas ing  depth  (4000 t o  6000 m above the  Lidar) 

surmounted by a i r  of l e s s e r  s t a b i l i t y  above; a s teady  i n c r e a s e  

with t ime of t he  wind speed perpendicular  t o  t h e  mountain 

range ; a pronounced temperature i nve r s ion  j u s t  above the 

c r e s t  of t h e  mountain range a t  t h e  time of maximum wave 

development (16:05 PST) . 
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(2) The l i d a r  d a t a  show t h a t  t h e  l e n t i c u l a r  cloud system propagates 

i n  a  d i r e c t i o n  downwind from t h e  mountain c r e s t  a s  th.e l e e  

wave i n t e n s i f i e s .  This  f e a t u r e  r e f l e c t s  i nc reas ing  wavelength 

with inc reas ing  wind speed. The e l e v a t i o n  angle a t  which t h e  

l i d a r  de tec ted  t h e  upwind edge of t h e  wave clouds i s  i nd ica t ed  

i n  F igure  16  f o r  each time per iod .  

(3) Inc l ined  (upwind) s t ack ing  of t h e  wave cloud elements i s  most 

pronounced dur ing  t h e  e a r l y  s t a g e s  of wave i n t e n s i f i c a t i o n  

(13:03-13 :48 PST and 13 :50-14:20 PST i n  Figure 16) . During 

the  period of most i n t e n s e  development (16:23 -16:53 PST) , 
t h e  wave cloud elements were stacked v e r t i c a l l y  wi th  L i t t l e  

or  no upwind i n c l i n a t i o n .  This  f e a t u r e  may r e f l e c t  i n c r e a s  

i n g  wave amplitude a s  we l l  a s  in-phase arrangement of t h e  

waves with h e i g h t .  F igure  17 shows a  photograph of t h e  

genera l  appearance of t h e  upwind edge of t h e  l e n t i c u l a r -  

cloud system when t h e  l i d a r  d a t a  f o r  t he  time period L6:23-. 

16:53 PST were c o l l e c t e d .  

(4) The lower turbulence  zone--i .e ., t h e  Turbulent Boundary L a y e r  

under t h e  wave clouds--as def ined by t h e  l i d a r  d a t a  extends 

v e r t i c a l l y  t o  a  l e v e l  some 2,000 t o  3,000 f t  above the  

mountain c r e s t .  V i s ib l e  r o t o r  clouds, i nd ica t ed  by open 

c i r c l e s  i n  t h e  l i d a r  d a t a  a n a l y s i s  (13:50-14:20 PST and 16:23- 

16:53 PST), developed under t he  upwind edge of t he  wave clcbud 

system. 

(5) As t h e  l e e  wave i n t e n s i f i e d ,  t h e  rawinsonde d a t a  show the  

development of s e v e r a l  narrow l a y e r s  of l a r g e  v e r t i c a l  wind 

shear  and low s t a t i c  s t a b i l i t y  i n  t h e  upper t roposphere 

between 25,000 f t  and 40,000 f t  MSL. 

I n  Figure 18 t h e  rawinsonde d a t a  f o r  t h e  t h r e e  time periods a re  

analyzed i n  terms of t h e  v e r t i c a l  v a r i a t i o n  of t h e  Richardson number, 

43 





R I C H A R D S O N  NUMBER - 
10- 

0950 PST 

FIGURE 18 VERTICAL VARIATION OF RICHARDSON NUMBER COMPUTED FROM 
RAWINSONDE DATA A T  THREE SUCCESSIVE TIMES DURING TIHE 
DEVELOPMENT OF THE STRONG WAVE OBSERVED IN THE LEE QF 
MT. ROSE, NEVADA, ON 24 APRIL 1970 

10- 

1324 PST 

I 

10 - I 

1605 PST i 
I 



a s t a b i l i t y  parameter t h a t  approximates t h e  r a t i o  between t h e  fo rces  

PI-oducing thermal turbulence  ( s t a t i c  s t a b i l i t y )  and mechanical tu rbulence  

( v e r t i c a l  wind s h e a r ) .  F igure  18  shows t h a t  broad l a y e r s  wi th  Richardson 

number << 0.25 developed i n  t h e  upper t roposphere a s  t h e  wave cloud 

system moved downwind from t h e  mountain c r e s t .  When it  i s  assumed 

t h a t  wave clouds develop wi th in  t h e  t ropospher ic  l a y e r  of maximum 

s t a t i c  s t a b i l i t y ,  t he  v e r t i c a l  p r o f i l e s  of p o t e n t i a l  temperature suggest 

t h a t  t h e  l e n t i c u l a r  c louds d id  not  extend above 20,000 f t  t o  25,000 f t  

MSL, s ince  t h e  s t a t i c  s t a b i l i t y  decreased r a p i d l y  above these  l e v e l s .  

This  impl ies  t h a t  t h e  low Richardson numbers developed i n  t h e  t ropospher ic  

l a y e r s  above t h e  wave c louds .  When t h e  Richardson number f a l l s  below 0.25, 

the a i r f l o w  can become dynamically uns t ab le  and can degenerate  i n t o  

tu rbu len t  motion. Whether o r  not a i r c r a f t  tu rbulence  was or  had been 

assoc ia ted  with these  l a y e r s  of low Richardson number could no t  be 

ascer ta ined ,  s i n c e  no a i r c r a f t  f l i g h t s  were repor ted  a t  t h a t  a l t i t u d e  and 

t sme , 

The d a t a  analyses  of 24 A p r i l  1970 a r e  bel ieved t o  be s i g n i f i -  

can t  i n  t h a t  they  tend t o  support t h e  i d e a  t h a t  t h e  occurrence or  non- 

occurrence of mountain-wave turbulence  may be i n f e r r e d  from t h e  l i d a r -  

de tec ted  wave-cloud s t r u c t u r e .  The abso lu t e  values of t h e  computed 

Richardson numbers cannot be t r u s t e d  because of poss ib l e  i naccu rac i e s  

a n  t he  rawinsonde d a t a .  There i s  no doubt, however, t h a t  t h e  Richardson 

numbers decreased s i g n i f i c a n t l y  a s  t h e  l e e  wave increased  i n  i n t e n s i t y .  

I t  i s  a l s o  noteworthy t h a t  dur ing  t h e  l a s t  per iod of observa t ion  (16:23- 

L6n53 PST) t h e  v i s i b l e  l en t i cu l a r - c loud  system became disorganized a s  

t h e  l e e  wave gene ra l ly  showed s i g n s  of c o l l a p s e .  Consequently, observa- 

t i o n s  were discont inued a f t e r  t h i s  per iod .  



E .  Observat ions of 6-13 February 1971 

A f i n a l  experiment was c a r r i e d  ou t  i n  t h e  l e e  of M t .  Rose, 

Nevada, du r ing  t h e  week of 6-13 February 1971 f o r  t h e  purpose of  exp io r -  

i n g  t h e  a p p l i c a b i l i t y  of t h e  SRI/APCO Mk V I I I  l i d a r  system t o  mauntain- 

wave turbulence  observa t ions .  

The primary d i f f e r e n c e  i n  t h e  Mk V I I I  l i d a r  from i t s  pre-  

decessors  a r e :  

(1) The Mk V I I I  i s  a  l iquid-cooled system wi th  a  s t a b l e  f i r i n g  

r a t e  of one pu l se  per  2-3 seconds. 

(2) The Mk V I I I  has  t h e  c a p a b i l i t y  of being au toma t i ca l l y  scanned 

i n  equa l  e l e v a t i o n  (or  azimuth) increments a t  s e l e c t e d  

f i r i n g  r a t e s .  

(3) The t r a n s m i t t e r  and r e c e i v e r  a r e  c o a x i a l .  

(4) The r e c e i v e r  has  a  d i s c  s to rage  memory wi th  playback 

f e a t u r e s .  

(5) A cont inuous -view two-dimensional i n t e n s i t y  -modulated 

cathode-ray-tube (CRT) p r e s e n t a t i o n  i n  r a d a r  RHI  o r  PPI 

f a sh ion  i s  incorpora ted .  

I n  order  t o  des ign  t h e  RHI d i sp l ay ,  it was necessary  t o  i nco rpo ra t e  a  

technique whereby t h e  ga in  of t h e  r e c e i v e r  i s  au toma t i ca l l y  increased  
L 

a s  t h e  i n v e r s e  of t h e  l o g  1 / R  fol lowing t h e  l a s e r  pu l s ing .  F igures  

19  through 26 show a s e r i e s  of CRT d i s p l a y s  of t h e  atmospheric s t r u c t u r e  

a s  observed wi th  t h e  Mk V I I I  system i n  t h e  l e e  of M t .  Rose. Observat ions 

were made from t h e  same l o c a t i o n  a s  i n  t h e  e a r l i e r  experiments ( see  

Figure 10 ) .  Each c r o s s  s e c t i o n  of atmospheric s t r u c t u r e  i s  accompanied 

by a  photograph of t h e  cloud cover observed by viewing t h e  z e n i t h  Urom rn- 

s i d e  t h e  van and an "A"-scope photograph of t h e  l i d a r  echoes a s  they a r e  

s to red  i n  t h e  magnetic d i s c  memory i n  t h e  form of l og  amplitude (range-  

cor rec ted)  versus  range.  Each s e c t i o n  was obtained i n  about 7 minutes 

by s e l e c t i n g  a  f i r i n g  r a t e  of 1 pu l se  per  3 seconds per  1 deg i n t e r v a l  



(a) PHOTOGRAPH OF OBSERVED CLOUD COVER 

(b) SINGLE LlDAR TRACE (10ps/cm) OF 
(RANGE-CORRECTED) LOG AMPLITUDE 
VERSUS RANGE (go0 ELEVATION 
ANGLE) 

(c) INTENSITY-MODULATED CRT PRESENTATION OF ATMOSPHERIC 
STRUCTURE IN  THE VERTICAL PLANE OF LlDAR SCANNING 

FIGURE 19 DATA ON ATMOSPHERIC STRUCTURE OBTAINED BY AUTOMATED LlDAR SYSTEM IN THE 
LEE OF MT. ROSE, NEVADA, ON 9 FEBRUARY 1971, 09:05-09:12 PST 



(a) PHOTOGRAPH OF OBSERVED CLOUD COVER 

(b) SINGLE LlDAR TRACE (10 pdcm) OF 
(RANGE-CORRECTED) LOG AMPLITUDE 
VERSUS RANGE (90' ELEVATION 
ANGLE) 

(c) INTENSITY-MODULATED CRT PRESENTATION OF ATMOSPHERIC 
STRUCTURE IN THE VERTICAL PLANE OF LlDAR SCANNING 

FIGURE 20 DATA ON ATMOSPHERIC STRUCTURE OBTAINED BY AUTOMATED LlBAR SYSTEM IN THE 
LEE OF MT. ROSE, NEVADA, ON 9 FEBRUARY 1971, 11 :00--ll:Q7 PST 



(a) PHOTOGRAPH OF OBSERVED CLOUD COVER 

(b) SINGLE LIDAR TRACE (10psIcm) OF 
(RANGE-CORRECTED) LOG AMPLITUDE 
VERSUS RANGE (90' ELEVATION 
ANGLE) 

(c )  INTENSITY-MODULATED CRT PRESENTATION O F  ATMOSPHERIC 
STRUCTURE I N  THE VERTICAL PLANE OF LIDAR SCANNING 

FIGURE 21 DATA ON ATMOSPHERIC STRUCTURE OBTAINED BY AUTOMATED LIDAR SYSTEM IN THE 
LEE OF MT. ROSE, NEVADA, ON 9 FEBRUARY 1971, 13:lO-13:17 PST 



ic) iNTENSiTii-MODULATEB CRT PRESENTATiON OF ATivlOSPiiERiG 
STRUCTURE IN THE VERTICAL PLANE OF LlDAR SCANNING 

(a) PHOTOGRAPH OF OBSERVED CLOUD COVER 

(b) SINGLE LlDAR TRACE (10ps/crn) OF 
(RANGE-CORRECTED) LOG AMPLITUDE 
VERSUS RANGE (90' ELEVATION 
ANGLE) 

FIGURE 22 DATA ON ATMOSPHERlC STRUCTURE OBTAINED BY AUTOMATED LlDAR SYSTEM IN THE 
LEE OF MT. ROSE, NEVADA, ON 10 FEBRUARY 1971, 09:00-09:07 PST 







(b) SINGLE LlDAR TRACE (10ps/cm) OF 
(RANGE-CORRECTED) LOG AMPLITUDE 
VERSUS RANGE (90' ELEVATION 
ANGLE) 

(c )  INTENSITY-MODULATED CRT PRESENTATION OF ATMOSPHERIC 
STRUCTURE I N  THE VERTICAL PLANE OF LlDAR SCANNING 

FIGURE 25 DATA ON ATMOSPHERIC STRUCTURE OBTAINED BY AUTOMATED LIDAR SYSTEM IN THE 
LEE OF MT. ROSE, NEVADA, ON 12 FEBRUARY 1971, 08:20-08:27 PST 
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In e l e v a t i o n  angle while  scanning from M t .  Rose i n  t he  west toward t h e  

e a s t ,  Mult iple- layered s t r u c t u r e  i n  observed c i r r u s  clouds i s  ev ident  i n  

a l l  c a ses .  The occasional  b r igh tnes s  recorded i n  t h e  d i r e c t i o n  of M t .  

Rose (e  .g., F igures  21 and 23) i s  due t o  t he  high sky background l e v e l  

near t he  p o s i t i o n  of t h e  sun. The fractocumulus clouds observed on 

10 February 1971 a t  14:lO PST (Figure 23) a r e  c l e a r l y  portrayed i n  t h e  

RHI d i s p l a y  a t  1800 m above t h e  l i d a r .  I n  Figure 25, t h e  l i d a r  shows a  

d i s t i n c t  s lope  i n  t h e  echo p a t t e r n  recorded from an i s o l a t e d  pa tch  of 

c i r r u s  with v i rga .  Numerous echoes can be i d e n t i f i e d  a t  a  he igh t  of 

9 krn above t h e  l i d a r  (approximately 35,000 f t  MSL). These echoes must 

represent  subv i s ib l e  i c e  c r y s t a l  c louds.  Figure 25(b) shows a  l i d a r  

backsca t t e r  s i g n a l  from these  clouds obtained by poin t ing  t h e  l i d a r  a t  

-the z e n i t h  (90' e l e v a t i o n  ang le ) .  

Although no apprec iab le  wave a c t i o n  was present  dur ing  t h e  

observat ion periods,  t h e  l i d a r  d a t a  c l e a r l y  demonstrate t h e  supe r io r  

performance of t h e  system i n  mapping atmospheric s t r u c t u r e .  



As described i n  t he  Summary and Conclusions ( s e c t i o n  I1 above), t h e  

a p p l i c a t i o n  of t h e  l i d a r  technique t o  t h e  observa t ion  and s tudy of 

mountain waves and assoc ia ted  turbulence  has been demonstrated. I n  

p a r t i c u l a r ,  t h e  p r i n c i p l e s  and methods of opera t ion  have been worked 

out f o r  a  s e r i e s  of experimental  l i d a r  systems, and we have a r r ived  

a t  a  po in t  a t  which l i d a r  can c l e a r l y  be recognized a s  an important 

t o o l  f o r  r e sea rch  concerning mountain waves. 

The fol lowing e x p l i c i t  recommendations a r e  of fe red  : 

(1) That f u r t h e r  observa t iona l  s t u d i e s  u s ing  t h e  Mark V I I I  l i d a r ,  

or a  comparable system, be made t o  ob ta in  a  more comprehensive 

d a t a  base t h a t  i t  has been poss ib l e  t o  acqui re  i n  t he  l a r g e l y  

evolu t ionary  work accomplished t o  d a t e .  

(2) That i n  any s tudy of mountain-wave dynamics, of t h e  cloud 

physics  involved, or  of t h e  assoc ia ted  low Richardson 

numbers and turbulence,  a  l i d a r  of a  type comparable t o  t he  

Mark V I I I  system described i n  t h i s  r e p o r t  be considered a s  

an e s s e n t i a l  component of t h e  observa t iona l  f a c i l i t i e s  , 

I n  p a r t i c u l a r ,  where a i r c r a f t  a r e  used t o  probe s p e c i f i c  

f e a t u r e s  of mountain waves, we be l i eve  t h a t  a  l i d a r  provides 

a  valuable  t o o l  f o r  d i r e c t i n g  t h e  a i r c r a f t ' s  opera t ions .  

Without t h e  information t h a t  t h e  l i d a r  can now g raph ica l ly  

provide i n  near  r e a l  time, much of t h e  s i g n i f i c a n t  s h o r t -  

term v a r i a b i l i t y  of t h e  waves does not  become apparent until .  

t h e  occasion has passed and t h e  a i r c r a f t  d a t a  have been 

co l l ec t ed  and analyzed. 
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